A number of threonine-overproducing bacterial strains have been constructed, which were reviewed in ref.
threonine industrially.21 Recently, a host-vector system for Brevibacterium was developed,3* and some improvements of threonine productivity using recombinant DNA techniques have also been reported.4*5) The thr operon ofEscherichia coli K-12 has been cloned from an a-amino-jS-hydroxyvaleric acid resistant (AHVR) mutant,6) in which homoserine dehydrogenase (HD) is genetically insensitive to feedback inhibition by threonine.
Amplification
of the thr operon resulted in enhanced threonine productivity of E. coli K-12.7) As it was previously reported that some genes3} and promoters8' of E. coli are functional in Brevibacterium, we introduced the thr operon of E. coli K-12 into threonine-producing strains of Brevibacterium. In this paper, we demonstrate the effectiveness of the amplification of the thr operon in Bre vibacterium. The thr operon of E. coli K-12 /?IM4 was cut out from pAJ2947) with BamUl and SalI, and inserted into Brevibacterium vector pAJ220, as shown in Fig. 1 . The ligated mixture was then used to transform B. lactofermentum HD-defective mutant It-1 7,4) as described previously.3)
Homoserine-prototrophic and trimethoprim-resistant transformants were obtained, and a hybrid plasmid derived from one of the transformants was isolated. The plasmid, designated as pAJ514, had the predicted restriction pattern on digestion with BamHl and Sail. Plasmid pAJ514 was able to complement B. lactofermentum mutants S-24) and S-7,4) lacking homoserine kinase (HK) and threonine synthase (TS), respectively.
Thus, all the genes of the thr operon ofE. coli K-12 were shown to be expressed, as least phenotypically, in Brevibacterium, although none of the transformants overproduced threonine or isoleucine in TP medium.40 However, when pAJ514 was introduced into threonineproducing strain BBIB-19 (AHVR, He"), a derivative of B. flavum BB-69,1O) marked enhancement of threonine production was observed. Figure 2 shows the distribution of threonine productivity of BBIB-19 transformants harboring pAJ514. All the transformants showed much higher yields of threonine than host strain. Oneof the transformants, HT-16, accumulated 24.5g/1 of threonine. Strain BBIB-19 excreted significant amount of homoserine into the medium, while it was not detectable in the HT-16 culture medium (Table I) . Further optimization of the culture conditions for HT-16 increased the maximum amount of threonine obtainable to 27.0 g/1 (Table I) . Cell growth of HT-16 was observed to be somewhat lower compared to in the case of BBIB-19 in TP2 medium. This result leads us to expect that the metabolic flow to threonine biosynthesis was relatively enriched through the restricted cell growth.
WhenpAJ514 was introduced into another threonineproducing strain B. lactofermentum M-15n) (AECR, AHVR, SMCSR, He", Leu") which produced lysine as well, no remarkable improvement of the productivity was observed (data not shown).
Abbreviations : AEC, S-(2-aminoethyl)-L-cysteine; SMCS, S-methylcysteine sulfoxide.
M. Ishida et al. agar plate (supplemented with 200 jUg/ml of trimethoprim when necessary) was inoculated into 20ml of threonine production (TP2) medium in a 500ml flask, and then cultured aerobically at 30°C for 72hr. TP2 medium contained 100g of glucose, 30g of (NH4)2SO4, lg of KH2PO4, 0.4g of MgSO4-7H2O, lOmg of FeSO4-7H2O, lOmg ofMnSO4-4H2O, 5mg ofthiamine-HCl, 100fig of d-biotin, 300 mg ofisoleucine, 320mg, as total nitrogen, of soybean-meal hydrolysate and 50g of CaCO3 (sterilized separately) per liter, and was adjusted to pH 7.0 with NaOH. The amount of threonine was determined by HPLC. The arrow in the figure indicates the amount of threonine produced by host strain BBIB-19. The amounts of threonine and homoserine were determined by HPLC.
The concentration of soybean-meal hydrolysate (160mg/l as total N) in the modified TP2 medium is half that in TP2 medium.
In order to evaluate the effectiveness of the thr operon of E. coli K-12, the activities of the enzymes encoded by the thr operon were examined. Crude extracts were prepared from the parental strain and the transformant at the early logarithmic phase of growth. As shown in Table II , strain HT-16 showed 4.5-fold higher HK activity and 3.0-fold higher HK plus TS activity than strain BBIB-19. However, no remarkable difference was observed between the two strains in the activities of aspartate kinase (AK) and HD. In addition, each enzymeactivity of the above strains at and Shiio,14) respectively. The activity of HKplus TS was estimated by determining the amount of threonine formed in the reaction mixture for the HK assay by HPLC. the late logarithmic phase was the same as at the early logarithmic phase (data not shown).
The results are consistent with the threonine productivity of the recombinant strains. The secretion of homoserine by strain BBIB-19 suggests that HK and TS are rate-limiting in its threonine biosynthetic pathway. The enhancement of these enzyme activities by the thr operon led to a drastic increase in threonine productivity and a decrease in homoserine accumulation by transformant HT-16. On the other hand, the level of HD activity is limiting in the other threonine-producing strain M-15. As we have previously reported,4' increased activity of HD contributes to the increased threonine productivity and decreased lysine accumulation by the strain. The introduction of the E. coli thr operon failed to increase the HD activity, and consequently threonine productivity was not improved in the strain.
As thrA, thrB and thrC are transcribed as a single cistron in E. coli K-12 in that order,15) the apparent discrepancy in the rates of enhancement of the enzyme activities was not very reasonable. However, since E. coli K-12 and Brevibacterium are not closely related species taxonomically,16) it might be natural that there is a species barrier as to gene expression efficiency. For example, the chloramphenicol resistance gene of E. coli plasmid pBR325 conferred the resistance to Brevibacterium, but the ampicillin resistance gene of pBR325 did not.3) An internal promoter, which lies within a 61-base pair fragment at the 3' end of the thrA gene,17) might function well in Brevibacterium and result in the higher activities of HK and TS. The specific activities of AKand HDmight be originally too high in strain BBIB-19 for a significant effect of the introduction of the E. coli thr operon to be seen, as the strain already has AHVRlie" mutations. The specific activities ofAKand HDin the two species might be quite different because of the distinct natures of the enzymes in them, i.e., the two enzymeactivities are due to a single polypeptide in E. coli,m while they are due to separate molecules in Brevibacterium.19) Further investigations are necessary to clarify this.
